The hydroboration of cyclopropane has been investigated using the B3LYP density functional method employing several split-valence basis sets. It is shown that the reaction proceeds via a four-centered transition state. Calculations at higher levels of theory were also performed at the geometries optimized at the B3LYP level, but only slight changes in the barriers were observed. Structural parameters for the transition state are also reported.
Introduction
Hydroboration of alkenes have been investigated theoretically and experimentally. Brown and Zweifel 1 have shown that the hydroboration of asymmetric alkene yields the antiMarkownikoff addition product predominantly and that the addition takes place at β-carbon atom. Since the discovery of hydroboration reaction several attempts have been made to explain the reaction mechanism. Brown 2 experimentally reported that hydroboration reaction proceeds through the intermediate four-centered transition state followed by the formation of addition product. Hydroboration of olefins investigated theoretically. Ab initio molecular orbital study of the hydroboration of ethylene with borane (BH 3 ) showed that reaction proceeds through the formation of three-centered intermediate complex followed by the formation of four-centered transition state. In 1990, Wang et al. 3 have extensively carried out the hydroboration of alkenes, allenes and alkynes and showed that the formation of triangular π-complex which then deform into the addition product via four-centered transition state. Seyferth 4 and Streitwieser 5 on the stereochemical ground predicted the threecentered transition state. The work by Hommes et al. 6 supports the three-centered nature of transition structure for the hydroboration of ethylene with borane.
In 2011, we have reported the hydroboration of cyclopropane 7 theoretically at different level of theory and basis set. Triangular π-complex has been reported with three-centered transition state. In this work it has been considered that borane (BH 3 ) approaches along the cyclopropane ring. In the present paper we have reported the result of our investigation of the hydroboration of cyclopropane with borane in which borane moiety approaches cyclopropane ring perpendicularly.
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Computational methods
All calculations have been performed on a PC running WINDOWS using the Gaussian 98 8 suite of programs. The B3LYP hybrid density functional was used for calculation at DFT 9 level using several split-valence basis sets. The geometries of the reactants (BH 3 and C 3 H 6 ), transition state and the product were optimized at this level of theory using 6-31G ** , 6-311++G** [10] [11] [12] [13] [14] [15] [16] , cc-pVDZ and AUG-cc-pVTZ 17-21 basis sets. The nature of each stationary point was confirmed in each case by frequency calculations; all the minima were verified to have all positive frequencies and the transition state to have only one imaginary frequency. MP2 [22] [23] [24] [25] [26] calculations were also performed using the chosen basis sets for comparison purposes. Single point (SP) calculations were also performed at the geometries optimized at the B3LYP/6-31G ** level at the CCSD, CCSD(T) [27] [28] [29] [30] [31] , QCISD, QCISD(T) 31 and MP4D 17 levels to see if any significant change in the energetics is observed.
Results and Discussion
When borane approaches a C-C bond of cyclopropane along a line perpendicular to the ring plane no stable intermediate is found. However a transition structure is obtained which is seen to be of the four-centered variety. The geometry of the four-centered transition state optimized at B3LYP/6-31G ** level is shown in Figure 1 . The optimized geometrical parameters for the transition state are listed in Table 1 . The C1-C3 distance in the transition state is 2.452 Å which is greater than the C1-C3 distance found in the three-centered transition state (1.994 Å). In the transition state the forming C1-H8 distance is 2.157 Å which is comparable to forming C1-H9 distance in the three centered transition state. The HOMO of the four-centered transition state is shown in Figure 2 . This enables us to visualize the electron density distribution around the forming and breaking bonds. Calculations at different levels and with different basis sets have been performed. The total energies (in Hartree) and the relative energies (in kcal/mol) for the reactants, transition state and product are listed in Table 2 . Relative energies are shown in Table 3 .
We notice that the RHF barriers are significantly higher than the B3LYP or MP2 values in this case also. The four-centered transition state is found to be 44.23 kcal/mol above the reactant at the B3LYP/6-31G ** level making the barrier in this case higher than the energy barrier obtained for the three-centered transition state (25.95 kcal/mol). Therefore the preferred mechanism is expected to involve the three-centered transition state, though the reaction via the four-centered transition state also should contribute to the overall reaction. Table 3 . Relative energies (in kcal/mol) at different levels and basis sets
The lowest barrier seen is for the B3LYP calculation using the cc-pVDZ basis. The same observation holds for the earlier case also. As the barriers are lower in this case than the 'superior' aug-cc-pVTZ basis also, this might be the optimum basis set to use in studies of reaction pathways with the popular B3LYP functional.
Concluding remarks
In summary, we have reinvestigated the stationary structures involved in the hydroboration of cyclopropane with borane. Our study posits a four-centered transition state for this reaction in contrast to the earlier study on the hydroboration of cyclopropane, in which three-centered transition state have been reported. However the barrier height for the transition state is found more than the barrier height for the transition state found in the earlier case. No 
